INTRODUCTION
Hf isotope analysis of zircon crystals using laser ablation-multi collector-inductively coupled plasma mass spectrometry (LA-MC-ICPMS) is a useful tool for geochemical studies (Iizuka and Hirata, 2005; Iizuka et al., 2010; Kemp et al., 2009; Woodhead et al., 2004) . Precise 176 Hf/ 177 Hf isotope ratio measurements are available by careful correction of isobaric overlaps, such as 176 Lu and 176 Yb, on 176 Hf (Griffin et al., 2000; Iizuka and Hirata, 2005; Kemp et al., 2009 ). The premise is that accurate mass bias corrections should be applied to correct for 176 M isobars because: (1) 176 Yb and 176 Lu are relatively abundant as compared to 176 Hf in natural zircons, and (2) the required precision for the 176 Hf/ 177 Hf ratios are at the level of 0.00002.
It is known that the instrumental mass bias factor ob-In contrast to Yb, the mass bias factor of Hf or Yb was used for the 176 Lu isobar because Lu has only two isotopes, thereby preventing internal mass bias correction. The mass bias factors vary daily depending on the instrumental set-up of a LA-MC-ICPMS, and therefore should be routinely checked (Iizuka and Hirata, 2005; Kemp et al., 2009; Woodhead et al., 2004) .
In addition to the above isobaric corrections, the instrumental mass bias for 176 Hf/ 177 Hf in MC-ICPMS is large even for solution analysis and cannot be corrected perfectly either by exponential or power law corrections suitable for thermal ionization mass spectrometry (TIMS). The remaining mass bias has been corrected for by (1) using the data obtained for zircon standards in the same session of sample analyses (Iizuka et al., 2010; Wu et al., 2006) or (2) using the data obtained for solution standard during the relevant period on the same MC-ICPMS (Kemp et al., 2009 ) despite the fact that instrumental bias may change between sessions (Iizuka et al., 2010) .
Although, the instrumental mass bias factor for 176 Hf/ 177 Hf can be determined by a solution standard (JMC475) prior to the LA analyses, the analytical conditions in LA mode differ due to use of helium ablation gas, whereas a solution system uses only argon gas. In order to overcome this discrepancy, a dual sample introduction (DSI) system was proposed comprising the continuous introduction of helium gas flow through the LA line which is mixed with the argon gas flow from a desolvating nebulizer line (Horn et al., 2000) . This DSI system is one of the best tools for the calibration of a LA-MC-ICPMS system unless otherwise ideally homogeneous matrix matched mineral standards with and without interfering elements are available (e.g., synthetic minerals). Some approaches have been reported for Hf isotopes in rutile and Nd isotopes in monazite (Ewing et al., 2011; Iizuka et al., 2011 ), yet any zircon standard has ever been available for Hf isotope analysis.
Since DSI can eliminate part of the difference in plasma conditions between solution and LA samples, differences in the plasma conditions originated from the aerosols, such as the particle size and concomitant matrix, may still remain (Guillong et al., 2003; Kroslakova and Günther, 2007) . These could cause mass fractionation between elements in the ICP plasma (Wang et al., 2006) . Non-mass-dependent isotopic fractionation can also occur at the vacuum interface of ICPMS due to the difference in matrix and instrumental settings (Newman et al., 2009) .
In order to evaluate the above mentioned unsolved problems in the in situ Hf isotope analysis of zircon by LA-MC-ICPMS, we in this paper examine the mass bias factors of Yb and Lu and instrumental mass bias of Hf using DSI-MC-ICPMS. We evaluate the versatility of the DSI system and report the analytical results on 91500, TEMORA 2, Plešovice, and FC-1 standard zircons.
EXPERIMENTAL

Mass spectrometry and dual sample introduction system
The MC-ICPMS used was a Neptune (Thermo Fisher Scientific; Bremen, Germany) modified by the addition of a high-efficiency interface rotary pump (E2M80; Edwards, Crawley, West Sussex, UK), which increased the sensitivity by about 4 times when used with an Xskimmer cone. The typical sensitivity with solution analysis using a desolvation nebulizer ARIDUS II (CETAC In situ Hf isotope analysis using DSI-LA-MC-ICPMS   3 Technologies, Omaha, Nebraska, USA) was 700 V/ppm for Hf. A high-sensitivity JET sample cone is also available for further sensitivity improvement (Kimura et al., 2011) ; however, a normal sample cone was used because significant mass fractionation in Yb of an unknown origin was observed with the JET sample cone, although nothing the same was observed in Hf isotopes. We have confirmed non-mass-dependent isotopic fractionation in Nd isotopes using the JET sample cone by the Neptune MC-ICPMS. The non-mass-dependent fractionation strongly depends on the instrumental set up (e.g., sample gas flow rate and plasma sampling depth) so that the same condition is hardly reproducible. The similar phenomenon has been reported with a high sensitivity skimmer cone used with a Nu Plasma MC-ICPMS (Newman et al., 2009) . As a result, the Yb isotope ratios varied significantly whenever the Yb interference is present and the change was tricky and irreproducible; therefore, an accurate and reproducible overlap correction was not available. Our dual sample introduction system uses He gas (~1.0 L/min flow rate) as the laser ablation gas. The He gas flow is mixed with an Ar gas flow from ARIDUS II (~1.3 L/min flow rate) in a cylindrical mixing chamber made of Teflon (70 cm 3 inner volume) immediately before the ICP torch (Fig. 1 ). Trace N 2 (<0.01 L/min) was also added to the ARIDUS II line to improve sensitivity. Pulsed signals at a low laser repetition rate were smoothed out. The sample washout time (duration for LA sample signal of 1 to few V range returns to the baseline level after laser switch off) using this mixing device was about 20 s, which is short enough for practical operation.
In Fig. 2 ), and static mode was used. Backgrounds were measured using a defocused ion beam. This was possible because any gas blank was observed at the seven Faraday channels. A Faraday amplifier rotation function was not used because of the transient signals caused by laser ablation. The instrumental sensitivity of the DSI system with He LA gas was evaluated using the solution mode and resultant sensitivity was almost identical to that of the normal solution mode using Ar gas flow from ARIDUS II alone. Sensitivity for the LA aerosols was therefore almost identical between conditions with or without ARIDUS II dry aerosols. The excimer laser system used was a Lambda Physic (currently Coherent, Santa Clara, CA, USA) ComPex 102 ArF source with a 193 nm wavelength and 200 mJ output at a maximum 20 Hz repetition rate. The pulse width is reportedly 20 ns. The UV laser beam was illuminated onto apertures by a condenser lens and the aperture image was projected onto the sample surface by an aspherical objective lens (OKExLA 3000, OK Laboratory, Mitaka, Japan). An ~40 µm diameter crater with ~20 J/cm 2 fluence was used with a repetition rate of 5-10 Hz, which are comparable conditions to those reported previously (Eggins et al., 1998; Iizuka and Hirata, 2005; Kemp et al., 2009; Woodhead et al., 2004) .
Mass bias factors and isobaric overlap correction using DSI-MC-ICPMS
The isobaric overlap factor of 176 Yb and 176 Lu was examined using DSI-MC-ICPMS. We prepared Yb-and Lu-doped JMC475 standard solutions; solution 1 comprised 10 ppb JMC475 doped with 5 ppb Yb and solution 2 comprised 10 ppb JMC475 doped with 0.5 ppb Lu. All solutions were made from 10000 ppm standard solutions from Johnson Massey Chemicals. The solutions were analyzed using ARIDUS II of the DSI with the operation conditions shown in Table 1 .
Prior to examining the overlap correction factors, the 176 Hf/ 177 Hf isotope ratio was measured using a pure 10 ppb JMC475 solution. The JMC475 yielded a 176 Hf/ 177 Hf ratio of 0.282141 ± 0.000010 after exponential mass bias correction using 179 Hf/ 177 Hf = 0.7325 (Patchett, 1983 ). This ratio is comparable to our long term average over two years, but is different from the TIMS reference value of 176 Hf/ 177 Hf = 0.282160 (Nowell et al., 1998; Söderlund et al., 2004) . Therefore, the instrumental mass bias should be corrected to ensure inter-laboratory compatibility. This was achieved using a standard-sample bracketing method reported elsewhere (Kemp et al., 2009) .
The 176 Yb overlap factor on 176 Hf has been examined by means of (1) the empirical determination of the overlap factor and (2) the evaluation of the isotope ratios of Yb, which have been reported. Since the reported Yb isotope ratios vary considerably between researchers, reevaluation was necessary (Chu et al., 2002; Segal et al., 2003; Thirlwall and Anczkiewicz, 2004; Vervoort et al., 2004) . We used an intermediate approach between methods (1) and (2) (Thirlwall and Anczkiewicz, 2004) . This ratio is the best estimate reported to date for 173 Yb/ 171 Yb (Fig.  2) , and has been discussed repeatedly in previous works (Iizuka and Hirata, 2005; Kemp et al., 2009) . The isotopic ratio of 176 Yb/ 173 Yb was determined by a series of iterative calculations to derive the correct 176 Hf/ 177 Hf of the JMC475 solution; in this case, it was 0.282141 before the instrumental mass bias was corrected (Fig. 2) . As day-to-day changes in the instrumental mass bias may exist for 176 Hf/ 177 Hf analysis, the empirical isotope ratio of 176 Yb/ 173 Yb was monitored daily. Using a 173 Yb/ 171 Yb ratio of 1.12346 (Thirlwall and Anczkiewicz, 2004) , the 176 Yb/ 173 Yb ratio was determined to be 0.78684 ± 0.00001 (2SD) over three months, which is in good agreement with, although slightly lower than, the reported value of 0.78696 (Thirlwall and Anczkiewicz, 2004 The isobaric overlap of 176 Lu cannot be corrected for using the same method since Lu only has two isotopes (Fig. 2) . Therefore, we evaluated 176 Lu/ 175 Lu using the same procedure as noted above with a slightly different approach. The Lu-doped JMC475 (solution 2) was measured through ARIDUS II. The mass fractionation factor of Hf was used to externally correct for the mass bias between 176 Lu and 175 Lu. The use of the Yb mass bias factor for Lu is valid if both Lu and Yb were doped in JMC475. However, this introduces an additional propagated error on the 176 Hf/ 177 Hf via 176 Yb overlap, which makes the precise determination of the Lu factor difficult. We routinely measured and applied the Hf mass bias factor on the Lu mass bias correction. The analytical results showed that 176 Lu/ 175 Lu is 0.026589, which is comparable to, although slightly higher than, the value of 0.026549 reported elsewhere (Chu et al., 2002) . The 176 Lu signal is usually far lower than those from Yb for zircons (Iizuka and Hirata, 2005) ; therefore, the effect of 176 Lu correction using between 176 Lu/ 175 Lu = 0.026589 and 0.026549 is far smaller and well below the analytical errors.
The empirical values of 176 Yb/ 173 Yb (0.78684) and Lu (0.026589) were checked at the beginning and end of each daily session, and remained constant over three months. As noted above, these isotope ratios include the instrumental mass bias normalized against a 179 Hf/ 177 Hf ratio of 0.7325 (Patchett, 1983 ) and a 176 Hf/ 177 Hf ratio of 0.282141. Therefore, the measured 176 Hf/ 177 Hf after Yb and Lu overlap corrections should be normalized to 0.282160 using the 176 Hf/ 177 Hf ratios measured for JMC475 (Fig. 2) .
Collectively, our daily analytical sessions follow four analytical processes: (1) determination of 176 Hf/ 177 Hf in JMC475 using ARIDUS II, (2) determination of 176 Yb/ 173 Yb in solution 1 using ARIDUS II, (3) determination of 176 Lu/ 175 Lu in solution 2 using ARIDUS II, and (4) unknown zircon analysis using 193ExLA. Analyses (1) through (3) were routinely performed at the beginning and end of each day. Analysis (1) was repeated once every one to five unknown zircon analyses in order to apply standard-sample-standard bracketing mass bias corrections. The frequent analyses of JMC475 were reproducible at levels between ± 0.000013 and 0.000031 (2SD) over a day and 0.282141 ± 0.000029 (2SD) over a few months. We performed the frequent JMC475 analyses for evaluation purpose; however, frequent bracketing is recommended in order to improve precision in the bracketing measurement. 
RESULTS AND DISCUSSION
Analytical precision and accuracy for standard zircons
The versatility of our method was confirmed by the fact that the 176 Hf/ 177 Hf isotope ratio in the 91500 zircon crystals measured by our method was 0.282316 ± 0.000031 (2SD) ( Tables 2 and 3 ). This result matches that of the reported solution TIMS and MC-ICPMS value with an average of 0.282304 and a range from 0.282289 to 0.282320 Blichert-Toft, 2008; Davis et al., 2005; Goolaerts et al., 2004; Nebel-Jacobsen et al., 2005; Richards et al., 2005; Söderlund et al., 2006; Wiedenbeck et al., 1995; Woodhead et al., 2004) (Table   3 ).
Previous studies used a variety of correction strategies that differed in the use of Hf or Yb for Lu mass bias correction and in the instrumental mass bias being either corrected or uncorrected for against a JMC475 solution (see the summary shown in Table 3 ). The Lu mass bias correction method used shows no systematic correlation with the measured Hf isotope ratios (Table 3) . This was also confirmed by our 91500 results that showed 0.282316 and 0.282314 for the Hf and Yb corrections, respectively (Table 3) . For JMC475 normalization, all the reported JMC475 solution values by non-corrected analyses were in the range of 0.282154 to 0.282164. The resultant 91500 Fig. 3 values were around an average of 0.282314 (Table 3) . The reported LA-MC-ICPMS data for 91500 including the corrected and uncorrected methods for instrumental Hf mass bias vary between 0.282253 and 0.282321 with an average of 0.282299 (Andersen and Griffin, 2004; Griffin et al., 2000 Griffin et al., , 2006 Harrison et al., 2005; Hawkesworth and Kemp, 2006; Iizuka and Hirata, 2005; Kemp et al., 2009; Machado and Simonetti, 2001; Sláma et al., 2008; Woodhead and Hergt, 2005; Woodhead et al., 2004; Wu et al., 2006; Yang et al., 2008) . This indicates that there is no systematic error when JMC475 is measured as a proper value or when the instrumental mass bias was corrected for against JMC475 using the reference value of 0.282160. The TEMORA 2 zircon analyzed by our procedure showed a 176 Hf/ 177 Hf ratio of 0.282694 ± 0.000024 (Tables 2 and 3), whereas the reported solution MC-ICPMS value is 0.282686 ± 0.000012 (Woodhead et al., 2004) and those determined via LA-MC-ICPMS were 0.282688 ± 0.000023, 0.282680 ± 0.000012 and 0.282677 ± 0.000030 (Kemp et al., 2009; Woodhead et al., 2004; Yuan et al., 2008) . These are in good agreement within acceptable errors (Table 3 ). The Plešovice zircon has reported solution-MC-ICPMS and LA-MC-ICPMS values for 176 Hf/ 177 Hf of 0.282484 ± 0.000003 and 0.282481 ± 0.000014, respectively (Sláma et al., 2008) . Our result was 0.282497 ± 0.000032 (Tables 2 and 3 ) which is slightly higher than the solution-and LA-MC-ICPMS values but still within analytical uncertainty (typically ±0.000020-30). The FC-1 zircon has a solution-and LA-MC-ICPMS 176 Hf/ 177 Hf value of 0.282184 ± 0.000016 (Woodhead and Hergt, 2005) and an LA-MC-ICPMS 176 Hf/ 177 Hf value of 0.282176 ± 0.000022 (Kemp et al., 2009) , which compare well with our results of 0.282194 ± 0.000030 (Tables 2 and 3 ). All the results clearly indicate that our analytical protocol provides precise and accurate 176 Hf/ 177 Hf isotope ratios for various standard zircon crystals (Fig. 3) .
Further issue: a systematic bias by 193ExLA zircon analysis?
Our results are in good agreement with reported TIMS and solution MC-ICPMS values. However, the absolute differences are always positive, i.e., +0.000012 for 91500, +0.000008 for TEMORA 2, +0.000013 for Plešovice, and +0.000010 for FC-1. Although these differences are always within the analytical errors and our value for the best-characterized zircon, 91500, was within the reported range, we suspect that such the systematic difference is derived from the different MC-ICPMS responses between the ARIDIS II solution and the 193ExLA aerosol.
Our DSI-MC-ICPMS provides the same plasma condition for 193ExLA and ARIDUS II aerosols. Therefore, we suspect that the systematic bias, if existent, is due to the presence or absence of the matrix (Si and Zr in zircon) and the difference in particle size between the two aerosols. We deliberately introduced Si-and Zr-doped JMC475 solution through ARIDUS II with the doped amounts set to equal those in aerosols from zircon crystals. The measured Hf isotope ratio of the doped JMC475 remained unchanged. The apparent mass bias is, therefore, not from the concomitant element but perhaps by particle size effect in the LA aerosols which affects ionization conditions in the ICP plasma. This issue can be tested by using a different laser ablation system, such as ultra-violet femtosecond laser ablation which can generate finer aerosols (Fernández et al., 2007; Kimura et al., 2011) , along with the DSI system. We are currently working on this issue and the results will be presented elsewhere.
CONCLUSION
We evaluated an analytical protocol using 193ExLA-ARIDUS II dual sample introduction (DSI)-MC-ICPMS for accurate Hf isotope analysis. The mass bias and isobaric overlap correction factors for Hf, Yb, and Lu were determined by solution and applied to the in situ Hf isotope analysis of zircons crystals using 193Ex laser ablation systems. The analytical accuracies for 91500, TEMORA 2, Plešovice, and FC-1 zircon crystals were all within 0.000013 of the TIMS and solution MC-ICPMS values with precisions better than ± 0.00002-3. These results indicate the versatility of the analytical protocol.
